Circadian rhythms have an essential role in feeding behavior and metabolism. ROR␣ is a nuclear receptor involved in the interface of the circadian system and metabolism. The adipocyte glyceroneogenesis pathway derives free fatty acids (FFA) liberated by lipolysis to reesterification into triglycerides, thus regulating FFA homeostasis and fat mass. Glyceroneogenesis shares with hepatic gluconeogenesis the key enzyme phosphoenolpyruvate carboxykinase c (PEPCKc), whose gene is a ROR␣ target in the liver. ROR␣-deficient mice (staggerer, ROR sg/sg ) have been shown to exhibit a lean phenotype and fasting hypoglycemia for unsolved reasons. In the present study, we investigated whether adipocyte glyceroneogenesis might also be a target pathway of ROR␣, and we further evaluated the role of ROR␣ in hepatocyte gluconeogenesis. In vivo investigations comparing ROR sg/sg mice with their wild-type (WT) littermates under fasting conditions demonstrated that, in the absence of ROR␣, the release of FFA into the bloodstream was altered and the rise in glycemia in response to pyruvate reduced. The functional analysis of each pathway, performed in adipose tissue or liver explants, confirmed the impairment of adipocyte glyceroneogenesis and liver gluconeogenesis in the ROR sg/sg mice; these reductions of FFA reesterification or glucose production were associated with decreases in PEPCKc mRNA and protein levels. Treatment of explants with ROR␣ agonist or antagonist enhanced or inhibited these pathways, respectively, in tissues isolated from WT but not ROR sg/sg mice. Our results indicated that both adipocyte glyceroneogenesis and hepatocyte gluconeogenesis were regulated by ROR␣. This study demonstrates the physiological function of ROR␣ in regulating both glucose and FFA homeostasis. glyceroneogenesis; phosphoenolpyruvate carboxykinase c; nuclear retinoid-related orphan receptor-␣; adipose tissue Address for reprint requests and other correspondence: B. Antoine, Faculté de Médecine site Saint-Antoine,
RETINOID-RELATED ORPHAN RECEPTORS (RORs) are members of the nuclear receptor family. The ROR family comprises three members: ROR␣ (NR1F1), ROR␤ (NR1F2), and ROR␥ (NR1F3), with ROR␣ being the most abundant isoform present in the adipose tissue (18) . RORs regulate gene transcription by binding to specific DNA response elements (RORE) consisting of the consensus RGGTCA core motif. Reciprocally, the nu-clear receptor Rev-erb␣ (NR1D1) acts as a transcriptional repressor by competing with RORs for RORE binding and thereby antagonizes ROR action. Indeed, both receptors are often coexpressed in the same tissues (14) .
ROR␣ and Rev-erb␣ are involved in many pathways implicated in various physiological functions, including immune function, circadian rhythms, and metabolism. They appear to be pivotal players at the interface between the circadian system and metabolism (49) . Among the direct target genes of ROR␣ and Rev-erb␣ are several clock genes such as Bmal1, thus ensuring a fine tuning of circadian rhythms, as well as some metabolic genes involved in the control of cholesterol and bile acid metabolism (11, 29) apolipoprotein synthesis (39) , lipogenesis in the liver (26) , energy expenditure in the muscle (25) , and glucose metabolism (see Ref. 37 for review).
Hepatic glucose production was first shown to be regulated by Rev-erb␣, which represses the expression of the G6PC and PCK1 genes encoding the two major enzymes involved in gluconeogenesis [glucose-6-phosphatase and the cytosolic form of phosphoenolpyruvate carboxykinase (PEPCKc)] in HepG2 cells (50) . Then, a synthetic ROR␣-inverse agonist was reported to inhibit the expression of these two gluconeogenic genes and, in vivo, when administrated to obese mice, to reduce plasma glucose levels following a pyruvate tolerance test (PTT) (24) . These observations suggested a role for ROR␣ as an activator of gluconeogenesis, whereas Rev-erb␣ would be an inhibitor. The phenotypes of the knockout mice fit with the reported opposed roles of ROR␣ and Rev-erb␣ on metabolism; mice that are deficient in Rev-erb␣ have increased plasma glucose levels (9) , whereas ROR␣-deficient staggerer (ROR sg/sg ) mice are hypoglycemic during fasting (27) .
In adipose tissue, there is a truncated pathway of gluconeogenesis, glyceroneogenesis, that controls free fatty acid (FFA) homeostasis during fasting periods. Studies with a broad variety of mammalian species (including human) have demonstrated that a sizeable fraction of FFA released from adipose tissue during fasting is reesterified into triglycerides (TG) in adipocytes (40) . This cycle provides a way for the organism to adapt for the exact energy needs of an individual. The reesterification of FFA within adipocytes requires the generation of glycerol 3-phosphate (G3P), and this occurs through glyceroneogenesis, which is the de novo synthesis of G3P from precursors such as lactate and pyruvate.
In vivo, glyceroneogenesis was shown to be the predominant pathway for TG synthesis in rodents (34) and an important regulator of body fat mass. Indeed, the adipose tissue-specific invalidation of its key gene PCK1 generated mice that have a reduced fat mass (36) . We provided evidence that the hypolipidemic action of glitazones was due in part to their ability to induce transcription of the PCK1 gene in rodent and human adipose tissue, thus increasing the rate of glyceroneogenesis and decreasing the plasmatic FFA level (3, 30, 44) . Very recently, a type 2 diabetes risk locus was identified in the human peroxisome proliferator-activated receptor (PPAR)␥2 gene promoter, which decreased both PCK1 expression and pyruvate incorporation in adipose tissue and increased FFA release (8) , confirming the importance of glyceroneogenesis in the physiological control of the blood FFA levels.
We hypothesized that glyceroneogenesis could be a ROR␣ target in adipose tissue for the following reasons. 1) This pathway shares with liver gluconeogenesis the same key gene, PCK1; 2) previously, we revealed that GOT1, encoding aspartate aminotransferase, another enzyme involved in glyceroneogenesis, was an in vitro ROR␣ target gene (45) ; and 3) ROR sg/sg mouse, a natural mutant ROR␣-deficient strain (13) , exhibits a lean phenotype with decreased fat mass and small adipocytes for an unsolved reason (26) . Indeed, adipocyte precursors from these mice are fully competent to differentiate in vitro (12, 35) . This raised the possibility that ROR sg/sg mice could harbor specific adipose defects that limit their capacity for energy storage. We reasoned that these defects could result from altered glyceroneogenesis because their lean phenotype is reminiscent of that seen in adipose-specific PCK1-invalidated mice. Thus, our aim was to investigate whether glyceroneogenesis was a target pathway of ROR␣ in adipose tissue, as proposed for gluconeogenesis in the liver. We investigated both pathways in ROR sg/sg mice by comparison with their wild-type littermates. We also performed ex vivo studies by using ROR␣ agonists and antagonists on liver and adipose tissue explants. Our data clearly showed that these two important metabolic pathways were impaired in ROR sg/sg mice concomitantly with an altered expression and activity of PCK1. The present study demonstrated the physiological function of ROR␣ in regulating both glucose and lipid homeostasis.
MATERIALS AND METHODS
Animals and experimental design. Animal studies were conducted according to the French guidelines of the Charles Darwin Ethics Committee (Ce5/2010/034) and were approved by this committee. All mice were maintained in a specific pathogen-free environment. The staggerer mutation was maintained in a C57BL6J genetic background in our breeding colony. It was developed from mice kindly provided by Prof. Jean Mariani (UMR Neurobiologie des Processus Adaptatifs, UPMC, Paris, France). Staggerer (ROR sg/sg ) and wild-type (ROR ϩ/ϩ ) mice were obtained by crossing fertile heterozygous (ROR sg/ϩ ) mice and identifying homozygous offspring by PCR genotyping. ROR sg/sg mice have decreased ROR␣ expression in all tissues (20, 26) and a phenotype similar to the engineered ROR␣-KO mice (42) . The truncated ROR␣ protein was unstable and not detectable (5, 13) .
Mice were housed at 24°C in a temperature-controlled room with a 12-h light-dark cycle. Water and food (A03; UAR, Epinay-sur-Orge, France) were provided ad libitum. A03 food was provided mashed and moistened for ROR sg/sg mice because their ataxia prevents them from feeding normally. ROR sg/sg mice were housed in separate cages with their mother. Only 4-to 6-mo-old male mice were used in this study.
The pyruvate tolerance test was performed by intraperitoneally injecting 16-h-fasted mice with a 2 g/kg buffered pyruvate solution.
Blood glucose levels were then checked every 15 min for 2 h. For the analysis of the rhythmic pattern of protein expression as well as of FFA release into the blood, mice were euthanized by cervical disruption every 3 h after the beginning of the fasting period [with food being removed at Zeitgeber time 0 (ZT0)]. The food was reintroduced into the cage after 10 h (ZT10). However, we noticed that ROR sg/sg but not WT mice were still asleep at ZT10, which have delayed their refeeding by about 2 h.
Functional analysis of glyceroneogenesis in adipose tissue explants. Inguinal adipose tissue from 4-h-fasted mice was minced into very small pieces (5-10 mg) and incubated in DMEM without glucose containing 3% BSA for 4 h and then in Krebs-Ringer bicarbonate buffer containing 3% fatty acid-free BSA, [ 14 C1]pyruvate (2 Ci/ml), 0.5 mM pyruvate, and 1 M isoproterenol. After 1 h, the incubation medium was sampled for the estimation of lipolytic FFA and glycerol. The corresponding tissue explants were frozen in liquid nitrogen before lipid extraction by the simplified method of Bligh and Dyer (4) . The subsequent incorporation of [ 14 C1]pyruvate into the lipid moiety was estimated by counting the radioactivity associated with this fraction and was used to appreciate the level of FFA that had been reesterified during the 1-h lipolytic process. For the study of glycerol incorporation into triglycerides, reflecting glycerol/kinase activity, [ 14 C]glycerol (2 Ci/ml) and 0.5 mM glycerol were added to the Krebs-Ringer buffer, and the experiment was performed without isoproterenol.
Glucose output from liver slices. Precision-cut liver slices from 4-h-fasted mice were prepared with a tissue chopper (10), preincubated in DMEM containing 0.5% BSA (without glucose) for 2 h, and then incubated in Krebs-Henseleit bicarbonate buffer containing 0.5% BSA, 1 mM lactate, and 0.1 mM pyruvate for 1 h at 37°C with constant shaking. The incubation medium was then assayed for glucose concentration (GO Assay Kit; Sigma-Aldrich, L'isle d'Abeau-Chesnes, France). To examine the pyruvate-dependent glucose production that comes from gluconeogenesis, the liver slices were preincubated 6 h before performing the glucose production test in the absence or presence of 10 M ROR ligands or excipient.
Western blotting. Frozen adipose tissue was homogenized on ice in Tissue Protein Lysis Buffer (Euromedex, Souffelweyersheim, France) and then processed as described in Leroyer et al. (31) . Because of liver zonation, the entire liver was first pulverized under liquid nitrogen with a pestle and mortar and mixed. Equal amounts of protein were pooled from two mice at the indicated time points. A total of 20 g of protein extract was used for immunoblot analysis. For immunoblot detection, anti-PCK1 (My BioSource; CellGenetech, Paris, France) and anti-G6PC (SC-25840; Santa Cruz Biotechnology, Heidelberg, Germany) antibodies were used.
RNA extraction and quantitative RT-PCR. Total RNA was extracted using the RNeasy mini kit (Quiagen, Courtaboeuf, France) from snap-frozen tissue in liquid nitrogen after euthanasia and then homogenized on ice. cDNA synthesis from 1 g of RNA was performed using High Capacity cDNA Reverse Transcription kit from Applied Biosystems (Carlsbad, CA) and quantitative reverse transcription-polymerase chain reaction with 10 ng of cDNA and 500 nM primers, using SYBR Green and a Roche thermocycler (Roche Diagnostics, Meylan, France). Gene expression was normalized with two housekeeping genes (GAPDH and 36B4). Data analysis was based on the ⌬⌬CT method. Primer sequences were as follows: for mPCK1, CAACTTCGGCAAATACCTG (forward) and CTGTCTTC-CCCTTCAATCC (reverse); for mG6PC, ATGAACATTCTCCAT-ACTTTGGG (forward) and GACAGGGAACTGCTTTATTATAGG (reverse).
Blood and tissue biochemical analysis. Blood glucose was measured using a glucometer (Roche Diagnostics, Meylan, France) on a drop from the tail. Plasma insulin and glucagon were determined using the Milliplex kit (Millipore, St. Quentin en Yvelines, France) on a BioPlex 200 system (Bio-Rad, Marnes-la-Coquette, France). Glycerol and FFA from culture media were quantified using kits according to the manufacturer's instructions (Free-glycerol reagent from Sigma-Aldrich and free fatty acids, half-microtest from Roche Diagnostics). Specific activity of the cystosolic form of PEPCK (PEPCKc) was spectrophotometrically measured on postmitochondrial supernatant isolated from adipose tissue, as mentioned previously (44) .
ROR␣ and Rev-erb␣ chemical ligands. 7␤-Hydroxycholesterol and GSK412 were purchased from Sigma Aldrich, SR1078 was purchased from Calbiochem (Merck Chemicals, Nottingham, UK), and SR1001 was purchased from Cayman (Interchim, Montigny le Bretonneux, France).
Statistical analysis. Values are means Ϯ SD of the indicated number of measurements. Student's t-test was used when only two groups were compared; one-way ANOVA was used when more than two groups were compared and when only one parameter was investigated, followed by post hoc analysis. P Ͻ 0.05 was considered the limit for statistical significance.
RESULTS
Metabolic phenotype of ROR sg/sg and WT mice. The average body weight of 6-mo-old male ROR sg/sg mice was 25% lower than that of their wild-type (WT) littermates ( Fig. 1A ). This lean phenotype was characterized by a 50% decreased fat mass, affecting both epidydimal (EAT) and inguinal subcutaneous adipose tissue (SAT), whereas the weight of the liver relative to that of the whole body was unchanged ( Fig. 1A) . After a 6-h fast, ROR sg/sg mice were hypoglycemic without variation of insulin and glucagon levels compared with their WT littermates ( Fig. 1B) .
To explore in vivo a potential defect of glyceroneogenesis in ROR sg/sg mice that would impact on metabolic parameters, we measured the release of FFA from adipose tissue into the blood during their fasting period (with mice being housed in cages without food when the light turns from ZT0 to ZT10; Fig. 1C ). During this fasting period the plasmatic FFA level of WT mice rose to a peak occurring between 3 and 6 h, with a progressive decrease thereafter, as shown by others (22, 41) . This plasmatic FFA increase is the consequence of the lipolysis of TG stored in AT. The decrease is due to both FFA utilization as energy source and reesterification in AT as a way to adjust their level according to body needs. In ROR sg/sg mice, blood FFA levels exhibited a delayed peak at 9 h postfasting, with a higher FFA level than that seen in the WT mice before decrease (Fig. 1C ). This delayed peak could reflect impaired FFA reesterification via glyceroneogenesis, which usually takes place after several hours of fasting (40) , whereas the important decrease at ZT12 could be related to the enhanced FFA oxidation described in these mice (20, 28) .
To further investigate in vivo a potential defect of gluconeogenesis in ROR sg/sg mice, we performed a PTT, which consisted of analyzing the rise of glycemia in response to a pyruvate injection in a fasted subject. A clear increase in Mice were transferred to a food-free cage at ZT0 (at the beginning of the inactive period), and blood samples were collected every 3 h (n ϭ 6 -9/group). Food was proposed at ZT10. D: pyruvate tolerance test performed in overnight fasted mice (n ϭ 4/group). Hepatic glucose production (HGP) was evaluated in vivo by assaying the glucose production capacity after a pyruvate bolus injection (2 g/kg). Inset: values of glycemia area under the curve (AUC) expressed relative to WT mice.
glucose level was observed in WT animals, with a maximal increase of 80% observed after 60 -90 min. By contrast, after an overnight fast, the level of blood glucose in ROR sg/sg mice was already reduced by 33% compared with WT mice and then stayed significantly lower after the pyruvate bolus (Fig. 1D) . The corresponding glycemia area under the curve (AUC) value in ROR sg/sg mice was only the third of that observed in WT mice (shown in Fig. 1D, inset) . These results clearly indicated a defect in glucose production from pyruvate in ROR sg/sg compared with WT mice. Glyceroneogenesis is altered in adipose tissue of ROR sg/sg mice and modified by ROR␣ ligands. To investigate whether the higher FFA plasmatic level observed in 9-h-fasted ROR sg/sg mice compared with WT littermate could be the result of a defect of their reesterification via glyceroneogenesis, we analyzed this pathway in adipose tissue explants issued from mice of the two genotypes. Explants were isolated from 4-h-fasted mice and incubated in glucose, pyruvate, and insulin-free medium for 4 h. Then, the functional appreciation of glyceroneogenesis was performed for 1 h under an acute lipolytic situation in the presence of [ 14 C 1 ]pyruvate. [ 14 C 1 ]pyruvate was used because, in contrast to C 2 -or C 3 -labeled molecules, only the C 1 carbon of pyruvate is conserved in the G3P moiety of newly synthesized TG and is thus a marker for glyceroneogenesis. Under these conditions, the proportion of the FFA produced by lipolysis and then reesterified back into the adipocytes can be measured because they are incorporated as 14 C 1 -labeled G3P in TG. In the culture medium, the FFA/ glycerol ratio, when lower than 3, is used as a glyceroneogenic index (when equal to 3, this means that no reesterification has occurred; indeed, there are 3 FFA linked to 1 glycerol in a TG molecule).
Our data show that the incorporation of pyruvate into TG was decreased by one-half in the adipose tissue explants from ROR sg/sg mice compared with WT mice ( Fig. 2A ). In parallel, the FFA/glycerol ratio measured in the corresponding culture medium was increased from 2 to about 3 (Fig. 2B ). This was related to the increase in FFA because the glycerol release was not different between the two genotypes (1.66 Ϯ 0.38 and 1.95 Ϯ 0.41 nM·h Ϫ1 ·g Ϫ1 for WT and ROR sg/sg mice, respectively). We also investigated a potential involvement of glycerolkinase (GyK) in FFA reesterification by providing [ 14 C]glycerol as the precursor of G3P in SAT explants from mice fasted for 6 h. Our preliminary data did not show a significant difference between the two genotypes (3.70 Ϯ 0.74 and 4.62 Ϯ 0.55 nM·h Ϫ1 ·g Ϫ1 of WT and ROR sg/sg mice, respectively, n ϭ 4) but would require additional experiments.
Thus, our data illustrated a functional defect of FFA reesterification via glyceroneogenesis in SAT in the absence of ROR␣ that could at least partly explain the decreased size of the adipocytes from adult ROR sg/sg compared with WT mice (Fig. 2F ). This was further assessed by the observation that the PCK1 mRNA amount, the PEPCKc specific activity, and PEPCKc protein were decreased in SAT of ROR sg/sg mice compared with those of WT mice fasted for 6 to 9 h (Fig. 2 , C-E). Moreover, Fig. 2E showed that, at the protein level, PEPCKc expression was not only diminished but also delayed; this could be related to the delayed food intake of ROR sg/sg mice (observed around ZT12; indeed they were still sleeping at the time the food was reintroduced). Finaly, glyceroneogenesis was also found to be altered in the other adipose depots of ROR sg/sg mice fasted for 6 h, with PCK1 mRNA amount being decreased by 50% in epidydimal AT, by 65% in perirenal AT, Mice were transferred to a food-free cage at Zeitgeber time 0 (ZT0; as indicated by the dashed gray arrow) and then refed from ZT10 to ZT18 (solid black arrow). However, ROR sg/sg mice slept longer than WT mice, thus delaying their food intake after ZT10. Equal amounts of protein were pooled from 2 WT and sg/sg mice at the indicated time points. Actin is used as a control of depot. F: photomicrographs of WT and ROR sg/sg mice adipose tissue (similar scale). and by 81% in brown AT compared with their similar depots in WT littermates (data not shown).
We then tested the effects of ROR␣ antagonist and agonist on glyceroneogenesis in WT and ROR sg/sg mice (Fig. 3) . SAT explants were preincubated overnight with 10 M ROR␣ ligands (to fit the acrophase of circadian expression) and then tested for glyceroneogenesis, as presented previously. In WT mice, 7␤-hydroxycholesterol, a ROR␣ antagonist (47), decreased the incorporation of pyruvate into TG and simultaneously increased the FFA/glycerol release in the medium. On the contrary, SR1078, a ROR␣ agonist (46) , did the opposite. It had no effect on the adipose tissue of ROR sg/sg mice, thus confirming the specific involvement of ROR␣ in the modulation of FFA homeostasis via glyceroneogenesis in adipose tissue.
Because Rev-erb␣ is a physiological inhibitor of the binding of ROR␣ to RORE sequences, we also tested a synthetic Rev-erb␣ agonist (GSK412) that was shown to repress PCK1 expression in HepG2 cells (16) . To that end, adipose tissue explants were treated during the day period (to fit the acrophase of Rev-erb␣ circadian expression). GSK412 exerted an inhibitory effect on glyceroneogenesis and increased FFA release, as observed with the ROR␣ antagonist, suggesting that Rev-erb␣ would act as an inhibitor of FFA reesterification via glyceroneogenesis, whereas ROR␣ would act as an activator.
Hepatic gluconeogenesis is altered in ROR sg/sg mice and modified by ROR ligands. To confirm our in vivo observations showing a blunted response of glycemia upon pyruvate injection in ROR sg/sg mice, we compared the ex vivo glucose production in liver slices from ROR sg/sg and WT mice.
The first set of experiments, which were performed in freshly isolated liver slices from 4-h-fasted mice, showed a 56% decrease in glucose released by the ROR sg/sg liver slices compared with their WT littermates (Fig. 4A ). This decreased production was found to be independent from the presence of lactate-pyruvate (LP) in the medium. Therefore, we postulated that it likely reflected a defect of glycogenolysis in ROR sg/sg mice. Indeed, during glycogenolysis, which is the first pathway activated in the fasting condition to provide hepatic glucose production (HGP), there is no requirement for an activation of PCK1, which is limited to the process of gluconeogenesis (7) . However, glycogenolysis needs the presence of glucose-6phosphatase, which controls the last step of glucose production and whose encoding gene G6PC is a target of ROR␣ (7) . Accordingly, we confirmed a major decrease in G6PC mRNA amount in the liver of ROR sg/sg mice compared with WT mice fasted for 6 h (Fig. 4C ). Moreover, the study of the protein expression according to the fasting/fed status confirmed a lower amount of glucose-6-phosphatase in fasted ROR sg/sg than in WT mice (Fig. 4D) .
In a second set of experiments, we measured glucose production from liver slices that had been incubated for 6 h in the absence of insulin to allow the transition to gluconeogenesis. Under these conditions, we were able to observe a LP-dependent glucose production in liver slices of WT mice, reflecting gluconeogenic activity, that did not occur in liver slices of ROR sg/sg mice (Fig. 4B) . Accordingly, the amount of PCK1 mRNA was decreased by half in liver slices from fasted ROR sg/sg compared with those from WT mice (Fig. 4C ). As expected, in the liver of WT mice, the amount of the PEPCKc protein increased throughout the fasting period and decreased upon refeeding (2 and 5 h after feeding) ( Fig. 4D ). Interestingly, however, the increase in the PEPCKc protein was compromised in the ROR sg/sg mice, especially between 6 and 9 h of the fasting period, before increasing at ZT12 and then decreasing at ZT15. The increase observed at ZT12 is probably related to a longer fasting period in these mice and confirmed a delayed response to fasting of PCK1 in the absence of ROR␣ but a conserved inhibition by refeeding. We completed the investigation by measuring the enzyme-specific activity. Data confirmed that hepatic PEPCKc activity was altered in the absence of ROR␣ in both 9-h-fasted mice (at ZT9), and 6-h-refed mice (at ZT15).
In a third set of experiments, we tested the effects of a ROR␣ antagonist and agonist on glucose production in liver slices issued from WT and ROR sg/sg mice (Fig. 5 ). Liver slices were preincubated for 6 h with 10 M ROR␣ ligands and then tested in the presence of LP for 2 h. Data obtained with slices from WT mice showed a mild but significant decrease in glucose production when liver slices were treated with the antagonist (7␤-hydroxycholesterol), whereas an increased glucose production occurred when treated with the agonist (SR1078). These effects were not observed in liver slices from ROR sg/sg mice (Fig. 5A) . We further verified the effect on PCK1 gene expression of the treatment of liver slices from WT mice with two different ROR␣ antagonists. Figure 5B illustrates a decrease in hepatic PCK1 mRNA amount induced by both 7␤-hydroxycholesterol and SR1001, thus confirming their inhibitory effects.
DISCUSSION
In this study, we demonstrated the involvement of ROR␣ in the positive control of two close metabolic pathways, gluconeogenesis in the liver and glyceroneogenesis in adipose tissue, both of which are dependent on a common key gene, PCK1. Both are required, under fasting situations, to produce glucose and G3P from lactate and pyruvate, respectively. The first one is involved in glucose homeostasis and the second one in lipid homeostasis. We showed that, in the absence of ROR␣, mice presented both impaired HGP and defective FFA storage in their fat depots. These in vivo physiological observations were further assessed by ex vivo functional analysis of the two pathways in tissue explants. They confirm the role of ROR␣ in regulating liver gluconeogenesis and demonstrate for the first time its role in controlling FFA homeostasis in white adipose tissue via glyceroneogenesis and thus fat mass.
Previous observations performed by using the ROR sg/sg mouse provided insight into the role of ROR␣ in metabolic homeostasis. These ROR␣-deficient mice exhibited a fat mass reduced by half and fasting hypoglycemia for unresolved reasons. The fact that Rev-erb␣-KO mice display the opposite phenotype (increased adiposity and fasting hyperglycemia) suggested that ROR␣ and Rev-erb␣ could cross-talk as transactivator and repressor, respectively, on common pathways in both glucose and lipid metabolism.
We first attempted to confirm that ROR␣ acts (as a physiological actor) on gluconeogenesis in vivo, as suggested by Kumar et al. (24) . The induction of hepatic gluconeogenesis during fasting periods is an essential adaptive response that requires the enhanced transcription of genes encoding the rate-determining gluconeogenic enzymes PCK1 and G6PC that we confirmed at the protein level in WT mice. It has been well established that the transcription of the PCK1 gene was tightly regulated by diet-dependent hormones (insulin and glucagon) (see Ref. 48 for review). However, the decreased PCK1 mRNA amount we observed in the liver of ROR sg/sg mice fasted for 6 h by comparison with WT mice was likely due not to abnormal levels of these hormones (indeed, their plasmatic level did not differ between the two genotypes) but rather to the absence of ROR␣. This result is different from that reported in a previous study showing that liver PCK1 mRNA amount did not change between ROR sg/sg and WT mice (19) . This discrepancy can be explained by the fact that they obtained these data on mice in the feeding period (ZT19), but with no control of the exact time of food intake. Indeed, PCK1 transcription is acutely regulated by diet (1), and the measurement of its expression requires strict feeding control. Furthermore, we confirmed an altered response of the PEPCKc to fasting at the protein level in the liver of ROR sg/sg mice. Thus, our data confirm the positive role of ROR␣ in regulating hepatic gluconeogenesis (24) , possibly by controlling PCK1 expression in addition to G6PC (7) , and suggest that it could participate with Rev-erb␣ to a circadian control of hepatic glucose production.
The expression of ROR␣ and Rev-erb␣ oscillates in a circadian manner (12 h out of phase with one another), with Fig. 4 . A and B: glucose production is altered in liver slices from ROR sg/sg compared with WT mice. Glucose production by liver slices from ROR sg/sg and WT mice incubated with (ϩ) or without (Ϫ) lactate-pyruvate (LP) for 1 h in freshly prepared liver slices from 4-h-fasted mice (A) and in liver slices that have been preincubated for 6 h in the absence of insulin to deplete glycogen stores (B) (n ϭ 6/group). C: mRNA expression levels of G6PC and PCK1 in liver slices obtained from 6-h-fasted mice (n ϭ 10/group). D: Western blot analysis of the rhythmic profile of hepatic PEPCKc and glucose-6-phosphatase (G6pase) protein expression according to the feeding status. Mice were fasted at the beginning of the light period (ZT0; gray arrow) and refed from ZT10 (black arrow). Sg/sg mice slept longer than WT mice and were refed later than ZT10. Equal amounts of protein were pooled from 2 WT and sg/sg mice at the indicated time points. Actin was used as a control of depot. E: PEPCKc-specific activity in the liver of 9-h-fasted mice (at ZT9), which were then refed (at ZT15) (n ϭ 4). Values are expressed as means Ϯ SD and compared with Student's t-test. *P Ͻ 0.05 and ***P Ͻ 0.01 vs. WT genotype; #P Ͻ 0.05 vs. without LP.
Rev-erb␣ gene expression peaking during the sleeping period and ROR␣ during the awake period (see Ref. 2 for review). However, the rhythmicity of ROR␣ in the liver is rather weak compared with that of Rev-erb␣ (22) . Thus, in such a scenario, one can speculate that ROR␣ would be more implicated in the basal transcription of PCK1 that would be rhythmically interrupted by the brief peak of Rev-erb␣ protein (that could compete for RORE binding at ZT10, when its expression is maximal). Indeed, it has been shown that the circardian expression of Rev-erb␣ drives its rhythmic binding genome wide (15) . In the ROR sg/sg mice, the rhythmic expression pattern of Rev-erb␣ was shown not to be altered in the liver (43) . Thus, hypoglycemia observed in these mice could be due to the absence of a transactivator (ROR␣) rather than to the overexpression of an inhibitor (Rev-erb␣).
On the contrary, the absence of an inhibitor of gluconeogenesis (Rev-erb␣) should lead to glucose overproduction. However, the hyperglycemia observed in the Rev-erb␣ knockout mice was not attributed to an increased gluconeogenesis (9) . We suspect that this discrepancy with the data of Yin et al. (50) could come from the fact that the PTT was performed at ZT2 [at the very beginning of the inactive period, i.e., at a period when Rev-erb␣ protein is nearly absent in WT mice (38) ]. We think that to be meaningful this analysis should have been performed around ZT12 (at the end of the inactive period, after the physiological peak of Rev-erb␣ protein) to be able to compare a mouse expressing Rev-erb␣ with a Rev-erb␣ Ϫ/Ϫ mouse.
We then showed that ROR␣ controlled glyceroneogenesis in adipose tissue and thus could be a regulator of lipid storage in fat. We reasoned that the reduced adiposity of ROR sg/sg mice, being associated with a smaller adipocyte size ( Fig. 2F and Ref. 26) , could be due to a diminished deposition of TG in adipose tissue under fasting conditions. Indeed, reduced adiposity was not described to be linked to a defect of adipogenesis, which, on the contrary, was found to be improved (12, 35) , nor to an altered lipolysis [observation based on the gene expression of two major lipolytic enzymes, hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) (26) ]. We confirmed that ROR sg/sg mice exhibited no clear defect in lipogenesis under feeding conditions on the basis of similar sterol regulatory element-binding protein-1c (SREBP)-1c, PPAR␥, or fatty acid-binding protein 4 mRNA amount in inguinal fat (not shown). Moreover, preliminary data did not suggest any significant variation in perilipin protein expression between the two genotypes.
The lean phenotype of ROR sg/sg mice was reminiscent of the adipose tissue-specific PCK1 invalidated mice model, which showed that the ablation of glyceroneogenesis in adipose tissue, and therefore, the inhibition of TG synthesis in fasting periods, was responsible for the reduced fat mass in these lipodystrophic mice (36) . These results have clearly established the physiological role of glyceroneogenesis in maintaining fat homeostasis in adipose tissue. Accordingly, our study also described a defect of glyceroneogenesis in each fat depot that was associated with a reduced fat mass in the ROR sg/sg mice and suggested a new possible explanation for the lean phenotype of these mice. Another cause was also recently attributed to an induced expression of the uncoupling protein 1 (UCP1) in their fat (28) ; accordingly, we also observed that UCP1 expression was increased in SAT from ROR sg/sg mice compared with WT mice (not shown). Indeed, their lean phenotype was not due to a decreased energy intake because there was no lower food intake nor impaired lipid intestinal absorption in these mice (Ref. 20 and Kadiri S and Antoine B, unpublished observation).
We also analyzed the involvement of GyK in FFA reesterification in inguinal fat; it was found to be weak and not significantly different between the two genotypes. However, given the small number of tested animals, these data will require additional experiments. Furthermore, we cannot exclude a potential increase in pyruvate dehydrogenase (PDH) activity in ROR sg/sg mice that could increase the decarboxylation of pyruvate to acetyl-CoA and thus decrease the C 1pyruvate availability for glyceroneogenesis. Nevertheless, high levels of acetyl-CoA resulted in the inhibition of pyruvate decarboxylation by suppressing PDH, making more pyruvate available for glyceroneogenesis (21) . Furthermore, our demonstration of a common decrease in PEPCKc at the level of mRNA, protein, and specific activity in ROR sg/sg mice consolidates our functional data based on pyruvate incorporation into TG.
Thus, our data identified a new couple of positive (ROR␣) and negative (Rev-erb␣) regulators of glyceroneogenesis in adipose tissue and potentially of fat homeostasis. To our knowledge, we describe here for the first time both an induction of glyceroneogenesis by a ROR␣ agonist and its inhibition by a ROR␣ antagonist or by a Rev-erb␣ agonist. Such a cross-talk between ROR␣ and Rev-erb␣ could allow for some circadian control of fat mass via the control of glyceroneogenesis. Accordingly, it was shown recently that the in vivo modulation of Rev-erb␣ activity by a synthetic agonist was able to induce a loss of fat mass in obese mice. Finally, the rhythmicity of ROR␣ expression is higher in adipose tissue than in the liver (49) , which could explain the more pronounced phenotype seen in adipose tissue (fat pad weight) compared with the liver (glycemia) when ROR␣ is missing.
We further suggested that ROR␣ could act as a regulator of FFA homeostasis via glyceroneogenesis. An important function of adipose tissue is to store excess energy substrate in the form of lipids during the fed state and to release those stored lipids to be used under fasting conditions. The timing of FFA release from adipose stores has to be tightly controlled, as excess of circulating FFA may lead to lipotoxicity and promote diabetic disorders. Some circadian regulation of lipid homeostasis was demonstrated recently in white adipose tissue. For example, clock genes (Clock and Bmal1) regulate rhythmic FFA release by driving rhythmic transcription of two genes encoding the lipolysis pacemaker enzymes, ATGL and HSL (41) . In this study, we show that the ROR␣-deficient mice exhibited both an increased FFA release into the blood in the late fasting period, at a time where glyceroneogenesis should have taken place to limit their release, and a decreased fat mass. On the contrary, Rev-erb␣-KO mice present the inverse phenotype (a reduced FFA availability when fasted accompanied with increased body fat) (9) . The comparison of these two genetic models suggests that the regulation of glyceroneogenesis by ROR␣ and Rev-erb␣ could also impact FFA homeostasis. It will be interesting to check whether the phenotype of Rev-erb␣ knockout mice could originate at least in part from increased glyceroneogenesis, that is to say increased FFA reesterification in their adipose tissue, which could limit FFA release into the circulation.
Finally, concerning the role of liver in FFA homeostasis, we observed a decreased mRNA amount of SREBP-1c and fatty acid synthase in the liver of 6-h-fasted ROR sg/sg mice compared with WT mice (data not shown), as found previously (26) . Reduced hepatic de novo lipogenesis, as a result of reduced SREBP-1c and FAS, could indeed participate in reduced VLDL production and storage of TG inside adipocytes, thereby reducing adiposity. Regarding liver glyceroneogenesis, it was estimated by Martins-Santos et al. (33) that it would contribute to only 20% of the G3P generated for TG synthesis in the liver of fasted rats. To evaluate that point in our mice, we compared pyruvate incorporation into the liver of fasted WT and ROR sg/sg mice (n ϭ 4). We found that its level, although low, was significantly decreased (ϫ0.67) in the liver of ROR sg/sg mice (4.22 Ϯ 0.20 nM·h Ϫ1 ·g Ϫ1 ) compared with WT mice (6.15 Ϯ 0.59 nM·h Ϫ1 ·g Ϫ1 ). Thus, our data suggested that glyceroneogenesis could also play a role in the lower hepatic TG content of ROR sg/sg mice on a chow diet. However, provided the small number of tested animals, confirmation will require more experiments.
Taken together, our data confirm the control of hepatic gluconeogenesis by ROR␣ and identify ROR␣ and Rev-erb␣ as a new loop of circadian control of glyceroneogenesis in adipose tissue. We suggest that these two pathways could be activated by ROR␣ during the active period, thus possibly allowing the body to anticipate for glucose (or G3P) production during the inactive (and fasting) period, then repressed by Rev-erb␣ at the end of the inactive period. Such a regulation could be rather independent of diet-dependent hormone levels, as observed here. Indeed, it is well known that there are interactions between circadian clock and metabolism, and there is a need to further examine the function of ROR␣ (and Rev-erb␣) in specific tissues.
Further molecular studies are also required to find the involved RORE sequence on the PCK1 promoter to be certain of a direct control. Indeed, one cannot exclude that the observed effects of ROR␣ and Rev-erb␣ on both glucose and FFA metabolism via PCK1 could have been mediated by some of their other target genes, such as the clock-genes Bmal1 or Clock. In the liver, PCK1 was shown to be a cis-target of both Rev-erb␣ and Bmal1, whose binding sites overlap in the same "cistrome" (6) .
RORs are constitutively active but also function as liganddependent transcription factors, thus being considered as potential therapeutic targets for human diseases. This prompted the development of synthetic ligands (see Ref. 23 for review). ROR␣-deficient mice display ataxia and cerebellar atrophy due to an altered maturation of Purkinje cells at the fetal and postbirth periods (18) . However, the simultaneous absence of ROR␣ in several metabolic tissues such as the liver, adipose tissue, and muscle resulted in a globally metabolically favorable phenotype in the adult mice; indeed, the ROR sg/sg mice exhibited decreased cholesterol synthesis (32, 39) , reduced lipogenesis (20, 26) , and gluconeogenesis (this study) in the liver and decreased glyceroneogenesis in adipose tissue (this study) associated with increased energy expenditure in the muscle (20, 22) , SAT, and brown adipose tissue (28) . This highlights the importance of this clock gene in regulating glucose and lipid metabolism and could help designing new ways of fighting against metabolic disorders commonly seen in type 2 diabetes.
